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Mechanical signals applied in-vitro to cell-scaffold construct may induce the 
formation of ligament-like structure having in-vivo functional properties, has been 
proposed as a method to develop tissue-engineered ligaments. To explore this 
hypothesis, a novel bioreactor was designed to study the in vitro effect of biaxial 
cyclic mechanical stimulation on the adhesion, differentiation and proliferation of  
rabbit bone marrow stromal cells (rBMSCs) loaded on silk scaffolds housed in four 
reactor vessels, in conjunction with enhanced environmental and perfusion fluidic 
control under sterile conditions. The cell seeding and perfusion system is made of 
polycarbonate and is translucent. The whole system consists of four cell seeding 
chambers that can be incorporated into the perfusion system whereby mechanical 
stimulation is provided by eight stepper motors connected to the bioreactor. The cell 
culture medium continuously circulates through a closed-loop system. We thus 
developed a cell seeding device for static and dynamic seeding of rBMSCs onto a 
tubular silk scaffold and a closed-loop perfused bioreactor for long-term mechanical 
conditioning. 
 
Adjusting the perfusion flow rate, different mechanical strains (resolution of <0.1 mm 
for translational strain and <1° for rotational strain) and motor rotation frequency 
could be applied to the developing tissue over prolonged periods of operation.  The 
device can be sterilised partly by steam autoclaving and wiping with 70% ethanol. 
Preliminary studies include four sets of experiments of seven days each, were carried 
out at constant temperature (37 +/− 0.2°C), pH (7.4 +/− 0.02), and pO2 (20 +/− 0.5%), 
under either 30° or 60° rotational and either 6 mm or 12 mm translational 
 xiii
deformations at 0.1 Hz. Compared to unstrained samples, the system supported cell 
spreading and growth on the silk fibre matrices based on MTT assay characterisation. 
 
The introduction of biaxial cyclic mechanical stimulation to the fibrin gel coated and 
freeze-dried with silk sponge onto knitted silk scaffold resulted in a significant 
increase in the ultimate tensile strength, an increase in ultimate strain, and an increase 
in the length of the toe region in these constructs over knitted scaffolds. Based on the 
findings of this study, applying suitable cyclic mechanical stimulation 
(translation/rotational strains) was found to have a promising effect on tissue 
engineering of the ACL. 
 
 xiv
CHAPTER 1: INTRODUCTION 
 
1.1 ANATOMY AND FUNCTION OF LIGAMENT 
Ligaments are bands of dense, highly ordered fibrous connective tissue connecting 
bone to bone across a joint. The function of the ligament is to maintain the 
mechanical stability of the joints in the muscuskeletal system, to guide the joint 
motion, and to prevent excessive motion.   
 
Ligaments contain a hierarchical structure with increasing levels of organisation 
including collagen molecules, fibrils, fibril bundles, and fascicles that are organised 
along the long axis of the tissue. Ligaments are collagenous tissue with their primary 
building unit being the tropocollagen molecule [1]. This basic unit consists of three 
alphahelix chains coiled together in a right-handed twist. Tropocollagen molecules 
Tropocollagen molecules gather to form a collagen microfibril and organise 
periodically into long cross-striated fibrils that are arranged into bundles to form 
collagen fibers, which are interspersed with spindle-shaped fibroblasts that are 
aligned along the fibers in the longitudinal direction of the ligaments (refer to Figure 
1.1 below) [2].  The collagen fibrils display a periodic change in direction called a 
crimp pattern. The collagen fibers are then organised into collagen bundles of 1-20 
µm in diameter, which are further grouped into larger bundles called fascicles of 100-
250 µm in diameter to form the ligament.  These fascicles are arranged in a dense 
helical pattern near the ligament-bone junction and parallel to the longitudinal axis of 
the ligament in the internal region [3]. The fascicles contain collagen fibrils, 
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proteoglycans, and elastin. In addition, the fascicles are surrounded by a sheath of 
vascularised and transparent recticular membrane to form fibers [4,5] (Figure 1.2). 
 
 
Figure 1.1. Alignment of fibroblasts in ligament tissue [2] 
 
 
Figure 1.2. Relationship between a collagen bundle and fibroblasts. The collagen 
bundle is comprised of individual collagen fibrils that tightly surround the cells [6]. 
 
Due to the arrangement of their components, ligaments display three stages of 
behaviour when placed under strain (Figure 1.3). First, there is an area where the 
ligament exhibits a low amount of stress per unit strain (low slope) labelled the non-
linear or toe region. When force is first applied to the tissue it is transferred to the 
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collagen fibrils resulting in lateral contraction of fibrils and the straightening of the 
crimp pattern. Following this area is the linear region, which displays an increase in 
slope. Once the crimp pattern is straightened, the force is directly translated into 
collagen molecular strain [7,8]. The yield and failure region is the last area; it displays 
a decrease in slope and represents the defibrillation of the ligament [8]. In this area, 
the collagen fibers in the ligament fail by defibrillation causing a decrease in slope 
and tissue failure [8-10]. 
 
 
Figure 1.3. Stress–strain behaviour of ligament. The graph displays the three-staged 
behaviour of ligament (toe region, linear region, and yield region). 
 
Other fascicles are non-parallel fibers of varying lengths to allow different areas of 
ligament to be loaded at different times by varying degrees [10,11]. Collagen fiber 
bundles are arranged in the direction of functional need and act in conjunction with 
elastic and reticular fibers along with ground substance, which is a matrix of 
glycosaminoglycans (GAG) and tissue fluid, to give ligaments their mechanical 
characteristics, thus imparting “fiber reinforced composite”-like properties to the 
tissues. In unloaded or unstressed ligaments, collagen fibers take on a sinusoidal 
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pattern. This pattern is referred to as a “crimp” pattern and is believed to be created 
by the cross-linking or binding of collagen fibers with elastic and reticular fibers, 
which straightens under load.  
 
The major constitutes of ligaments are proteins such as collagen types I, III and V and 
elastin, glycoproteins, protein polysaccharides, glycolipids, proteoglycans, water and 
cells [12]. The collagen matrix provides the tensile strength of ligaments. The 
ligament consists of ~75% (dry weight) (90% is type I and 10% is type III) collagen 
and <1% (dry weight) elastin, a fibrillar protein that affects the mechanical properties, 
with the proteoglycans and glycoproteins making up the rest [13]. Water makes up 
about 60-80% of wet weight of ligaments with functions in viscous behaviour, 
lubrication & fascicular sliding and transport of nutrients and waste.  
 
1.2 ANTERIOR CRUCIATE LIGAMENT 
1.2.1 ACL Injury 
A knee contains four major supporting ligaments of the knee, one on either side 
(lateral collateral ligament and medial collateral ligament), and two interior ligaments 
(anterior cruciate ligament (ACL) and posterior cruciate ligament), which help 
control stabilisation and kinematics of the knee joint.  The ACL is one of the most 
commonly ruptured ligament in the human knee joint [14].  Annually, more than 
200,000 patients are diagnosed with ACL disruptions [15,16] and approximately 
150,000 ACL surgeries are performed in the United States annually [17]. Men and 
women who are athletically active experience the majority of ligament tears, 
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particularly tearing of the ACL of the knee, which is the main stabiliser of the knee 
for athletic pivotal activities.   
 
A normal knee joint ACL is shown in Figure 1.4a, which is a band of regularly 
oriented, dense connective tissue that connects the femur and tibia.  The complex 
anatomy of the human ACL is dependent upon the orientation, construct, and biology 
between molecules and cells.  Its primary role is to restraint anterior displacement of 
the tibia in relation to the femur.  ACL injuries occur during sports and exercise 
activity when the femur and tibia twist in opposite directions under full body weight, 
causing a tear (Figure 1.4b).  This happens when an athlete changes or twist direction 
rapidly, slows down when running falls awkwardly, or lands from a jump. ACL 
injuries disrupt the delicate balance of knee structures and may affect knee functional 
activities.  Left untreated, as the torn will generally not heal, the joint loses its 
stability during pivoting activity and causes further destruction of the articular surface 
and cause tearing in the meniscal cartilage over time and even osteoarthritis [18].  
The ACL has poor intrinsic ability to heal itself because it is surrounded by the 
synovial membrane and lacks significant vascularity [19] and often results in a 
ligament architecture that is significantly different from uninjured tissue.  As a result 
of this impaired structure, the healed ligament is neither as robust nor as capable of 
performing normal functions. Therefore, surgical reconstruction of ACL is 





Figure 1.4a. Normal Knee Anatomy [11] Figure 1.4b. Different degree of ACL 
injuries [11] 
 
The ACL has a unique helical collagen fiber organisation and structure to perform its 
stabilising functions. The mode of attachment to bone and the need for the knee joint 
to rotate ~140° (extension/flexion) results in a 90° twist of the ACL major fiber 
bundles and the peripheral fiber bundles, hence developing a helical organisation. In 
full extension, individual fibers of the ACL are attached anterior-posterior and 
posterior-anterior from the tibia to the femur in the sagittal plane of the knee. This 
helical geometry allows the individual ACL fiber bundles, during knee joint flexing, 
to develop a flexion axis about which each individual fiber bundle or fascicle twists 
thereby remaining isometric in length. During flexion, fiber bundle isometry allows 
the ACL to equally distribute load to all fiber bundles, maximising its strength. It is 
this unique structure-function relationship that allows the ACL to sustain high loading 
through all degrees of knee joint extension and flexion. Therefore, it is hypothesised 
that a tissue engineered prosthesis exposed to physiologically relevant translational 
and torsional strains will develop a structure suitable for function following 
implantation in vivo. The lack of torsional strains (e.g., only translation) during in 
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vitro ligament engineering would fail to support the development of a helical 
structure capable of effectively distributing load throughout the tissue placing the 
prosthesis at a higher risk for rupture. While torsional strain alone acts to translate 
individual fibers organised in a helical geometry, translational strains are needed to 
control fiber pitch angle and mimic anterior draw loads typically stabilised by the 
ACL. Thus, the combination of both translational and torsional strains is needed for 
ACL tissue engineering. 
 
1.2.2 Methods of ACL Reconstruction 
Rupture of the anterior cruciate ligament (ACL) remains one of the most common 
sports-related injuries.  Current treatments, although fairly successful, do not provide 
the optimum therapy.  Choices of tissue for the reconstruction are varied, but two 
categories are currently utilised most frequently: natural replacements (allografts, 
autografts) or synthetic materials.  In other words, these treatments typically rely on 
donor tissues obtained either from the patient or from another source.  Both autografts 
and allografts possess good initial mechanical strength and promote cell proliferation 
and new tissue growth. However, they suffer from a number of disadvantages. 
Allografts pose the risk of graft rejection and re-rupture; and infection transmission 
and synovitis caused by adverse immune response.  Autografts reconstruction on the 
other hand, require substitution with a sacrificial skeletal muscle from another part of 
the body that does not affect the basic functions of the donor site reconstruction 
which raises the issue of insufficient supply.  The disadvantage of synthetic 
replacement is in the material limitation in achieving the desired mechanical strength 
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and surface properties of the natural ACL [10,19]. Nonetheless, a major factor in the 
failure of all of these treatments is the biomechanical mismatch in the native tissue 
and the graft.  
 
A successful tissue engineered graft must possess mechanical properties similar to the 
ACL. Despite the great development shown in surgical treatment of ACL and 
consequent knee stability to date, none of these procedures is to the point where it has 
either fully restore or reproduce this complicated ligament to its pre-injury state, 
which has challenged research on tissue engineering strategy in recent years to 
reconstitute its function when lost by replacing with a functional neotissue 
(engineering tissue) with similar mechanical and functional characteristics. The aim 
in tissue engineering of ligaments is to provide an implant that will parallel the native 
ACL in both its biologic properties and mechanical durability. Hence, there is a 
clinical need for improved ACL tissue replacements due to donor site morbidity, 
lengthy rehabilitation periods, and increased risk of tendonitis. 
 
1.3 HYPOTHESIS & OBJECTIVES 
In this study, it was hypothesised that combining appropriate mechanical stimulation 
with perfusion flow in cell-seeded scaffolds will cause an increase in toe region 
length, strain at failure, and maximum load when compared to static culture. In other 
words, mechanical signals applied in-vitro to cell-scaffold construct will induce the 
formation of ligament-like structure having in-vivo functional properties. 
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Since tissue formation on scaffold will conform eventually to the structure and shape 
similar to that of the scaffold, there is a need to develop a mechanical cum perfusion 
system that can support film-like polymeric scaffold for ligament tissue engineering. 
Hence, the objectives of this study are: 
(i) To design and develop a bi-axial cyclic loading and low shear stress perfusion 
 bioreactor system for ligament tissue engineering; 
(ii) To optimise the effect of varying mechanical stimulation on the adhesion, 
 differentiation and proliferation of  bone marrow stromal cells loaded on silk
 scaffold; and 
(iii) To develop a functional ligament-like structure suitable for tissue repair. 
 
1.4 THESIS ORGANISATION 
The present chapter describes the background and objectives of this study. To begin 
with, a brief summary of relevant literature survey on ACL and existing bioreactors 
are discussed in Chapter 2. Following which, Chapter 3 describes the design and 
fabrication of an improved perfusion bioreactor incorporating biaxial mechanical 
stimulation. Chapter 4 will discuss the materials and methods of this experiment. In 
Chapter 5, the outcome results of the experiments and discussions are described. 
Finally, the conclusions and recommendations for the future development are 
provided in Chapter 6. 
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CHAPTER 2: LITERATURE SURVEY 
 
2.1 LIGAMENT TISSUE ENGINEERING 
 
Tissue engineering represents a new approach to creating functional and viable tissue 
from autologous cells for surgical application. This approach can potentially address 
tissue and organ failure by providing functional tissue constructs grown in vitro that 
have a capacity to continue to develop in vivo and integrate with the host tissues. In 
addition, engineered tissues can serve as physiologically relevant models for 
quantitative in vitro studies of biological mechanisms inherent in tissue development. 
The challenge in this research area is to find the best combination of scaffold 
material, cells, seeding- and culture procedures. The properties of the tissue-
engineered ligament can be influenced by mechanical and biochemical conditioning 
during culture (Figure 2.1). 
 
 





The emerging field of tissue engineering has shown to be a promising alternative in 
using cell transplantation as a strategy to achieve tissue repair and regeneration for a 
variety of therapeutic needs.  One approach involves use of three-dimensional cell-
(collagen or polymer) grafts for in vivo implantation.  In other words, the creation of 
an autologous implant requires that donor tissue is harvested and dissociated into 
individual cells or small groups of cells. These cells may then be attached to or 
encapsulated and cultured into a support matrix such as a proper polymer scaffold 
which is ultimately transplanted to the patient at the desired site of the functioning 
tissue to restore lost tissue function. The appropriate cell type for ligamental tissue 
engineering must show enhanced proliferation and production of an appropriate 
extracellular matrix and must be able to survive in an intraarticular environment in 
the patient’s knee. The use of various cell lines is described, such as ACL and medial 
collateral ligament fibroblasts, bone marrow stromal cells (BMSCs), and tenocytes.  
 
ACL fibroblasts are cells specialised in producing all ligament constituents and 
maintaining the ligament tissue in the appropriate conformation. However, it is well 
known that the anterior cruciate ligament has poor healing capacities in contrast to 
other ligaments, such as the medial collateral ligament. This deficient repair could be 
due to several intrinsic properties of the cells, as responsivity to growth factors 
[20,21], adhesion strength [22–24], proliferation, and migration rate were reported to 
be lower compared with other cell types [22–29]. Bellincampi et al. demonstrated the 
survival of skin fibroblasts in an intraarticular environment to be superior over ACL 
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fibroblasts [30], making this cell source also a potential donor cell for our engineered 
ligament.  
 
Generally, bone marrow and specific organs are the optimal cell sources for tissue 
engineering. BMSCs have been extensively studied for bone, cartilage and tendon 
regeneration [30-35], while fibroblasts from ACL have been investigated by several 
groups [36-39] working on in vitro ACL analogue engineering.  
 
Recent findings of the potential of adult stem cells to lead to a variety of 
differentiated cell types [40,41] suggest that this cell type will provide important new 
options to forming biologically and functionally relevant ligament tissues in vitro. 
However, this goal can only be achieved if suitable environmental signals, both 
mechanical and biochemical, can be provided to the cells to direct their differentiation 
path. Importantly, none of the known biochemical regulatory factors has been shown 
to promote adult stem cell differentiation into ligament-like cells in vitro.  
 
2.1.2 Scaffolds 
In order to successfully replace and regenerate new ACL tissue, several criteria define 
the ideal material for a cell transplantation matrix. The material must be 
biocompatible, in the sense that it does not provoke a connective tissue response 
which will impair the function of the new tissue; yet it must subsequently degrade 
over time that does not cause stress shielding or rupture of the new tissue and yield to 
the progress of native tissue ingrowth; easily and reproducibly processable into a 
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variety of shapes and structures which retain their shape once implanted; display 
similar mechanical behaviour (shape of the stress–strain and stress relaxation 
response), have mechanical properties that are similar to or greater than the tissue it is 
regenerating; and finally, the surface of the material should interact with transplanted 
cells in a way which allows retention of differentiated cell function, must be able to 
induce cell adhesion and collagen synthesis and which promotes cell growth if such 
growth is desired. In consideration of the desired properties listed above, materials 
which have been previously been used for cell transplantation have inherent 
limitations which may exclude them from becoming clinically useful as substrates for 
regenerating permanent tissue. Non-resorbable materials carry a permanent risk of 
infection [42] and undesired connective tissue reaction. Furthermore, preliminary 
results comparing non-resorbable matrices to resorbable matrices for chondrocyte 
transplantation indicated resorbability was an important criterion for the regeneration 
of normal cartilage tissue [43]. Resorbable collagenous matrices, which have been 
used successfully for regenerating skin [44], may be less desirable for replacement of 
internal organs because they compress and lose their shape when hydrated. The 
resorption rate, which is on the order of days to weeks may be too fast to allow 
adequate formation of tissues like cartilage and liver [45].  
 
The criteria for optimal matrix microstructure depend somewhat on the type of tissue 
to be regenerated. Fundamental properties desired in all matrices for cell 
transplantation are open structures with high porosity to provide good nutrient 
transport and a high surface area to volume ratio to allow significant surface area for 
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cell/polymer interactions. The optimal average size may be highly variable. Vascular 
ingrowth is desired in tissues like liver and requires pore at least 60 µm in diameter 
[46], while relatively avascular tissue like cartilage has no such constraint. 
 
A variety of scaffold materials have been considered, including biologic materials 
such as collagen and silk, as well as biodegradable polymers and composite materials 
[poly(glycolic acid) (PGA), silk, and collagen]. Use of an exogenous matrix for 
restructuring the organ, rather than usurping the structure of and potentially damaging 
the function of an existing tissue, has appeal for clinical application and several steps 
have been taken in this direction. Several successes have been reported with cells 
seeded scaffolds that remained viable after re-implantation into the donor animal.  
Collagenous matrices which are highly crosslinked with glutaraldehyde are more 
stable to degradation, but can exhibit immunogenicity, calcification and fibrous 
scarring when implanted long-term  [47]. Dunn et al. [48] have successfully seeded 
fibroblasts onto collagen scaffolds for ACL reconstruction.  Goulet et al. [38] built on 
Dunn’s work by adding ACL fibroblasts to the construct and used bones to anchor the 
bioengineered tissue. The mechanical deficiencies, the immunogenic bioburden 
associated with the use of bovine collagen products and leaching of chemical cross-
linking agents, combined with the poor mechanical integrity of the collagen fibres 
prompted the search for improved biomaterials. 
 
From the perspective of biocompatibility, degradability and processability, synthetic 
polymers have many advantages over complex natural polymers like collagen. One 
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class of polymers in particular, polyesters in the family of polylactic acid (PLA), 
PGA and copolymers of lactic acid and glycolic acids (PLGAs), most closely meets 
the above three criteria. These polymers have been approved by the FDA for in vivo 
use, are used clinically in suture materials, support fabrics and controlled release 
devices [49-52] and are readily processable into a variety of configurations using both 
melt and solvent techniques [52-56]. They degrade by hydrolysis to yield natural 
metabolic intermediates and the resorption rate can be varied from months to years by 
varying the relative ratio of the monomers [46, 49,52,55-59]. Textile technologies can 
be used to fabricate woven or non-woven fabrics as scaffolds [60]. H.W. Ouyang et 
al. [61] seeded bone marrow stromal cells onto knitted poly-lactide-co-glycolide 
(PLGA) and obtained regeneration of rabbit Achilles tendon. The knitted PLGA 
scaffolds have high porosity and internal connective spaces as compared with a 
braided structure, especially when it is under tension. These spaces allow enough 
cells to be seeded initially and permit ECM to form and deposit therein during the 
repair process; this helps in functional integration of the engineered tissue into the 
surrounding tissues.  
 
Native silkworm silk protein from Bombyx mori consists of a core structural fibroin 
protein surrounded by sericin, a family of glue-like proteins. A highly repeated 
hydrophobic and crystallisable sequence has been described for the primary structure 
of fibroin heavy chain: Gly-Ala-Gly-Ala-Gly-X (X stands for Ser or Tyr). Sericin is a 
more hydrophilic protein, whose primary structure is richer in polar residues, but 
some of its fractions are not completely water-soluble due to β-sheet portions. Altman 
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et al. [61-63] have developed a processed silk scaffold that has shown promise as a 
ligament replacement solution. Like collagen, silk has also been used as a surgical 
suture material that, when properly processed, is inexpensive and biocompatible. Silk 
has excellent mechanical properties and predictable biodegradation. When woven into 
a “wire-rope” scaffold (bundles of fibres are wound into fibrils that are then woven 
into cords), the construct shows mechanical properties similar to the native ACL [62-
64].  
 
Despite all these recent successes, the main challenge of ACL repair and regeneration 
lies in the ability to accelerate the healing process.  Current ligament reconstruction 
surgery using grafts usually takes up to three years for the ligament to achieve its 
original strength [65] and even professional athletes need six months to recover from 
ACL injuries.  The low healing capacity of ACL is due to the fibroblastic cells not 
having alignment at the healing site, causing the collagen matrix to be disorganised 
and resulted in low mechanical strength of the healing tissue [66].  Hence, increasing 
the proliferation of ligament fibroblasts on the scaffold and inducing the cells to align 
in a specific direction in vitro before implantation could shorten the healing process 
because this could improve the development of the cell-polymer constructs into 
ligament tissue in vivo.  
 
Ligament tissue cells are anchorage-dependent.  The proliferation and viability of 
such cells on the scaffold depend on having adequate physiochemical signals transfer 
between cells.  Hence, seeding cells at high density on to the scaffold will enhance 
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tissue formation.  Upon attachment onto the scaffold, cells will secrete their own 
extracellular matrices as they proliferate.  With adequate stimuli, the expanded cells 
and extracellular matrices will organize into tissue that retain the shape of the scaffold 
and exhibit cellular, biochemical and biomechanical properties similar to the desired 
tissue.  Hence, cell seeding onto scaffold is the first crucial step in the tissue 
engineering approach. 
 
2.1.3 Bioreactor  
The identification of appropriate growth modulators including both biochemical 
factors and mechanical stimuli are requisites for successful tissue growth. Currently 
there are two approaches to tissue engineering: one is to implant a cell-scaffold 
composite directly into the injured site, such as the body acts like a “bioreactor”; the 
other is to culture the cell-scaffold composite in a bioreactor ex vivo (in vitro) for a 
period of time before transplantation. Special reactors are required to conduct 
biochemical reactions for the transformation and production of chemical and 
biological substances involving the use of biocatalysts (enzymes, immobilised 
enzymes, microorganisms, plant and animal cells). These bioreactors have to be 
designed so that the enzymes or living organisms can be used under defined, optimal 
conditions.  
 
The ex vivo bioreactor is a key component of tissue engineering, providing a 
controlled environment to direct cellular responses toward specific tissue structures. 
allows controlled introduction of biochemical and physical regulatory signals to guide 
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cell differentiation, proliferation and tissue development. As such, engineering of 
tissue ex vivo in a well-designed, accurate, and repeatable bioreactor would be very 
useful in further investigations, such as better understanding of tissue development 
and the mechanisms of disease, off-the-shelf provision of essential transplantable 
tissue and scale-up for commercial production of engineered tissues. This latter 
concept offers two advantages: for experiments in biomedical research the conditions 
in a bioreactor could resemble mostly the conditions in vivo and for adherent cells 
such bioreactor gives the possibility to expose them to defined shear stress. 
 
Currently, static loading is the common cell-seeding method for ligament cell-
polymer construct.  Due to the poor mass transfer properties and mechanical 
conditions, static loading was reported to have low seeding efficiencies and non-
uniform cell distribution within scaffolds [67].  Mass transfer in vivo is brought about 
by capillary network around the cells, delivering oxygen and nutrients, removing 
metabolic by-products and transporting biochemical signals.  For in vitro cell 
cultivation, adequate diffusion and convection in the medium can mimic the optimal 
mass delivery system in the natural environment and enhance cell proliferation.  
Mechanical conditions refer to shear or stress stimuli in the natural environment such 
as interstitial fluid flow in the bone, tension in muscles and dynamic compression of 
cartilage.  In bioreactors, mechanism can be added to provide the mechanical stimuli 
or flow patterns can be manipulated to achieve the desired hydrodynamic stimuli. 
Mechanical stress is known to be one of the important factors in the regulation of 
ligament remodelling. The provision of mechanical regulatory signals that are 
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normally present in native tissues (e.g., a combination of dynamic strain and torsion 
for ligaments) is thought to be essential for the proper development of functional 
tissue properties [63,69]. 
 
2.1.3.1 Mechanical Stimulation 
The influence of mechanical forces on cell viability is of great importance when 
growing the cells in agitated systems. It is well documented that cells and tissues in 
vivo are subjected to various forms of mechanical stimulation while performing their 
natural function [70-72] and mechanical stress plays a significant role in tissue 
formation and repair in vivo. To study this phenomenon in a controlled environment, 
several types of in vitro mechanical cell stimulators have been developed with the 
utilisation of mechanical signals in vitro, either in the form of shear stress generated 
by fluid flow, hydrodynamic pressure or as direct mechanical stress applied to the 
scaffold upon which cells were growing [70,73,74]. Most of these rely on a flexible, 
resilient substrate coated with an extracellular matrix (ECM) material to which cells 
are attached. Attached cells are then processed through a controlled deformation 
regime. A variety of biological responses such as cell size, regulation, expression [75-
79], synthesis [80-84], and degradation [82,83,85] of a variety of contractile and 
regulatory proteins are measured. Constant strain applied to fibroblasts seeded on 
collagen gels, induced fibroblast elongation and alignment of the cells and enhanced 
the functional assembly of the ECM [86-88]. Adherent cells experience shear forces 
not only in vivo also in bioreactors. 
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Several groups have recently developed apparatus for the application of uniaxial 
strain of cell-seeded constructs. Uniaxial cyclic loading via a piston was used to 
generate a cyclic traction reactor for the long-term culture of fibroblasts in collagen 
gels [89]. In other studies, 2D cyclic mechanical strain promoted smooth muscle cell 
proliferation, organisation and extracellular matrix synthesis [90], and collagen type I 
synthesis by anterior cruciate ligament fibroblasts [91]. 3D dynamic shear and 
compression bioreactors have been used to stimulate explants of cartilage or bone 
[92]. 3D reactors with pulsatile flow have been used to induce smooth muscle cell 
alignment for blood vessel engineering [93]. Dynamically fluctuating hydrodynamic 
shear and pressure during bioreactor cultivation of engineered cartilage [94-98] 
cardiac muscle [99-101], and blood vessels [102] resulted in improved structural and 
functional properties of the engineered tissues. 
 
There are several uniaxial and equibiaxial cell stretchers available today in the 
literature and commercially. The uniaxial stretchers allow cells to be stretched in one 
direction while experiencing compression in the perpendicular direction. Biaxial 
stretchers allow the cells to be stretched along two axes perpendicular to each other 
without shear stress. The complication of shear stress in these systems can be 
minimised by careful design of the system and substrate geometry. There are distinct 
advantages to uniaxial cell stretch in approaching a number of biological problems. 
Previous devices have used a variable speed AC motor connected to an eccentric cam. 
The cam converts the torsional motion of the motor to a sinusoidal linear motion for 
the stretcher. The membrane containing the cells is submerged in a glass dish that 
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also contains the culture medium. Two nylon clamps hold the membrane. One clamp 
is fixed, while the other is attached to the driven cam via a yoke and slide assembly. 
This type of device has yielded significant biological results but has not been 
particularly well engineered, primarily because the accuracy and reproducibility of 
the applied stress-strain have not been defined [86,104]. 
 
2.2 TYPES OF CELL-SEEDING SYSTEM 
2.2.1 Straining Bioreactors 
2.2.1.1 Uniaxial Cell Stretcher  
The design is based on the uniaxial cell stretcher developed and used by Simpson et 
al. [70] and the cyclical stretcher developed and used by Terracio et al. [73]. This 
mechanical cell stimulator uses stepper motor technology and computer control to 
apply a linear strain by displacing a 3-cm × 6-cm rectangular membrane that is 
clamped along the short sides with the long sides left free, as shown in Figure 2.2 
[105]. The stepping motor, being controlled by its indexer at a microstep of 1/125 
step per pulse and programmable controller, is attached to the lead screw cartridge 
assembly to supply the force to rotate the screw. The indexer uses a proximity switch 
to identify its mechanical home position. The culture dish and lead screw are attached 
to an aluminium baseplate with a polycarbonate dust cover and can be installed in a 
suitable laboratory incubator. 
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 Figure 2.2. Schematic of the cell stretcher. The components are as follows: A, 
stepping motor; B, lead screw; C, TiN coated yoke; D, 150-mm culture dish; E, poly-
ether-etherketone (PEEK) slider; and F, Ultem 1000 base plate. The stepping motor is 
driven from a programmable motor drive. The motion profile is entered into the drive 
via a microterminal interface (not shown). The cell stretch membrane is placed in 
between the PEEK slider components and clamped with polytetrafluorethylene 
(PTFE) clamps [105]. 
 
Two motion profiles can be programmed: static and cyclic. For constant or static 
stretch, the user provides the required displacement. The stretcher goes to that 
displacement and holds it there until the user ends the test, at which time the stretcher 
returns to the zero position. For cyclical stretch, the user provides the stretch 
displacement, frequency, and duration. After the set duration, the stretcher returns to 
the zero displacement position. 
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Pretreatment with glow discharge on silicone rubber membranes was found to be 
effective at enhancing the adhesion performance. Briefly, the polymer is made the 
anode for an electrical discharge over a potential of several thousand volts. The 
monomers (in this case residual monomer) can form a highly adherent, cross-linked 
film [106]. The glow discharge created nanopores in the polymer film that may serve 
as anchorage points for the collagen fibrils. 
 
The cells aligned themselves with the collagen matrix during the attachment phase. 
The cells rotated to be more perpendicular to the direction of stretch during the stretch 
treatment. These results are consistent with what has been reported by previous 
investigators [73]. 
 
ACL cells also increased type I and type III collagen mRNA expression after cyclic 
stretching (10%, 0.16 Hz) [108]. 
 
2.2.1.2 Advanced Bioreactor 
Altman et al. (2001) [63] has successfully demonstrated the use of physiologically 
relevant mechanical stimulation in the absence of ligament-specific exogenous 
growth and differentiation factors, induces the selective differentiation of 
mesenchymal progenitor cells from the human bone marrow stromal cells (hBMSCs) 
into a fibroblast-like cell lineage in preference to alternative paths (i.e., bone or 
cartilage cell lineages) in an advanced bioreactor [63], as depicted by ligament 
fibroblast markers including collagen types I and III, as well as tenascin-C, 
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orientation of ECM, and the absence of mRNA expression of bone sialoprotein and 
collagen type II, typical markers of respectively bone and cartilage cells, in the 
engineered ligaments.  
 
The successful demonstration of bone marrow stromal cell differentiation into 
ligament-like cells with multidimensional strain in 3D matrices suggests that 
mechanical forces can play an important role in the processes of cellular 
differentiation and not just in promoting specific tissue-types from differentiated 
cells. Based on those findings, a novel bioreactor system was developed that could 
impart sophisticated mechanical signaling, designed to mimic some aspects of the 
actual in vivo environment, to the growing tissue under well-controlled 
environmental conditions [63]. 
 
The bioreactor system had ability to apply independent multi-dimensional complex 
and well controlled mechanical strains (at <0.1 mm for translational and <0.1° for 
torsional strain! to developing tissue, and to precisely and accurately control the 
biochemical and fluidic environments. The bench-top system can accommodate up to 
24 individual reactor vessels (Figure 2.3) in two independently controlled bioreactors 
to permit the concurrent study of varied strain rates and percent strain in order to 
identify optimal parameters for tissue development without the needed for an 
incubator. Enhanced flexibility has been achieved through the modular bench-top 
design allowing concurrent but independent operation of up to 24 reactor vessels; 
individual reactor vessels can be added, replaced or withdrawn at any time during the 
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course of an experiment without disturbing system function. Matrices can be 
anchored into the reactor vessels to support the culture of developing tissue within a 
mechanically dynamic environment. 
 
 
Figure 2.3. Functioning bioreactor system including (a) peristaltic pump, (b) 
environmental gas chamber and (c) the two bioreactors containing 24 vessels [63]. 
 
2.2.1.3 Overview of Straining Bioreactors for ACL growth 
Table 1 summarises the mechanical stimulation parameters used for the bioreactors in 
the ACL research. Most apply uniaxial cyclic tension stimulation unlike Altman et al. 
[108]. 
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2.2.2 Perfusion Bioreactors 
2.2.2.1 The Spinner Flask Bioreactor 
The spinner flask bioreactor is a cylindrical glass container with a stirrer (usually a 
magnetic stirrer bar) at the bottom, as in Figure 2.4 below.  Scaffolds can be 
introduced within the vessel by inserting needles into the cap of the bioreactor and 
threading a few polymeric scaffolds onto each needle.  Most of the time, 
microcarriers are used to support anchorage-dependent cells in spinner flask. 
 
 
Figure 2.4. Spinner Flask [112] 
 
The flow within the vessel is turbulent with the hydrodynamic conditions varying 
according to the impeller speed and impeller geometries [112].  For a rotating speed 
of 2.5 r/s, the turbulent shear stress within the vessel can range from 10 000 dyn/cm2 
to 80 000 dyn/cm2 [113].  The spinner flask bioreactor has been successfully used for 
cultivation of suspension cells because the stirring of the culture medium allows 
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homogeneous distribution of fresh nutrients and gases while eliminating temperature 
and pH variance as well as build up of metabolic waste.  Compared to suspension 
cells, very few anchorage-dependent cells have been grown successfully using 
spinner flask due to their higher shear sensitivity.  Cells that are attached to 
microcarriers could be damaged by the hydrodynamic forces in the turbulent 
environment and the destruction of microcarriers as a result of collisions between 
microcarriers and collisions with the impeller.  Threading scaffolds fixed their 
positions within the vessel and in turbulent flow condition, this will subject the cells 
to higher shear stress, compared to mobile microcarriers, causing higher risk of cell 
death and damage. 
 
2.2.2.2 The Rotating Wall Bioreactor  
The rotating wall bioreactor is made up of two concentric cylinders as shown in 
Figure 2.5.  It can have two cylinders rotating independently or only the inner 




Figure 2.5. Rotating Wall bioreactor [114] 
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 This device is mostly used for cell suspension.  In some cases, scaffolds (mostly in 
the form of micro-carriers) can be suspended in a state of free-fall within the culture 
medium in the annulus.  With the mobility within the fluid flow environment, the 
cells on the scaffold are subjected to very low shear stress.  The shear stress of within 
the vessel is reported to be around 0.5 dyn/cm2 to 1 dyn/cm2 for the death rate of the 
cells in suspension to be kept below 10% for every hour [115,116].  The series of 
flow patterns within the rotating wall bioreactor are characterized by a dimensionless 
Taylor number (Ta) [117].  The flow pattern can be laminar or turbulent dependent on 
the angular velocity of the rotating cylinder.  At slower angular velocity, where the 
Taylor number is lesser than 1.7 Tac (where Tac = 1700 for pure Couette flow), the 
bioreactor is reported to be unable to keep all the cells in suspension and has poor 
mass transfer characteristics.  Hence, it is desirable to utilise the device with flow 
pattern in the regions of wavy vortex flow and turbulent Taylor flow for cell 
cultivation.  Such flow pattern is not suitable for suspension of the film-like 
polymeric scaffolds for ligament tissue reconstruction.  
 
2.2.2.3 The Flow Perfusion Bioreactor  
Flow perfusion bioreactor (Figure 2.6) has been used for bone tissue cultivation.  
Each foam-like scaffold has to be fitted tightly into the well within the flow chamber 
of the reactor, to force the medium to perfuse through the interconnected porous 
network of the seeded scaffold [118], instead of around the edges.  The fluid shear 
stress on the cells can be as low as 0.3 dyn/cm2. 
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Figure 2.6. Flow Perfusion Bioreactor [117] 
 
The penetration of fresh culture medium through the scaffold produces denser and 
more uniform proliferation of cells throughout the scaffold compared to static culture 
and the spinner flask bioreactor.  In addition to having a more efficient delivery of 
nutrients to the cells within the scaffold, medium perfusion also provides the 
necessary hydrodynamic shear stress to stimulate the cells mechanically.  Aaron S. 
Goldstein et al. [118] made comparison between static culture, rotating wall 
bioreactor, spinner flask bioreactor and flow perfusion bioreactor for osteoblastic cell 
culture in three-dimensional scaffolds.  The results of the study are summarised in 
Table 2.  Among these four systems, the flow perfusion bioreactor exhibited best 
performance in terms of cell distribution, cell growth and mechanical stimulation of 
the osteoblastic cells with hydrodynamic shear.  Compared to the flow perfusion 
bioreactor, oscillatory flow within the rotating wall vessel has shown to be very 

















Static culture No flow Denser at 
periphery 
None ~ 2.0 × 10−4 
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Spinner Flask Minimal flow Denser at 
periphery 
At foam surface ~ 2.6 × 10−4 
µmol/min 
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CHAPTER 3: DESIGN AND FABRICATION OF BIAXIAL MECHANICAL 
STIMULATION AND PERFUSION BIOREACTOR 
 
In our current research, we focused on a tissue-engineering bioreactor, which 
provides optimised cell distribution on silk scaffolds and, in addition, exposes 
developing vascular tissues to biochemical and biomechanical stimuli with the aim of 
ultimately fabricating autologous ACL structures for in vivo use in reconstruction 
surgery. One of the objectives is to apply engineering design principles and analysis 
to the design and fabrication of an improved bioreactor for the in-vitro engineering of 
ACL. To fulfil this objective, the new bioreactor was personally designed by the 
candidature herself using Solidworks 3D CAD software (Solidworks Corp., Concord, 
MA), and fabricated by an external mechanical vendor. This design will assist in the 
study of the effect of varying mechanical stimulation on the adhesion, proliferation, 
morphology and biomechanical function of ACL regenerated using knitted silk 
loaded with bMSCs coated in fibrin gel. By studying the effect of varying mechanical 
stimulation parameters on cellular response, we will be able to mimic the native 
mechanical requirements for a viable and surgically feasible ACL in vivo 
implantation. 
 
3.1 DESIGN CRITERIA 
Ideally, a tissue engineering bioreactor must provide: 
• appropriate environment e.g., temperature, humidity, the maintenance of 
biochemical conditions e.g., pH, pO2, concentrations of nutrients and growth 
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factors to support cell proliferation and/or differentiation into functional 
tissues  
• sufficient metabolite transport to and from the developing tissue, and  
• structurally defined support for cell attachment and tissue formation [100]. 
 
The following criteria were used in designing process of the bioreactor: 
 
• It must be possible to run for a few weeks without any maintenances in highly 
humidified incubator environment. 
• All material used in this design must be biocompatible and resistant to 
corrosion (if metal was used). 
• The mechanical stimulation parameters must be adjustable. 
 
3.2 MATERIAL SELECTION 
High-performance plastic materials were required to survive and maintain 
dimensional stability through all of the commonly used processes for sterilization and 
incubation. Materials not only had to withstand the autoclave and incubator 
temperatures, they also had to be chemically resistant to the cell culture media and 
70% ethanol commonly used as a localized sterilisation technique. The materials 
selected also had to be ultraviolet (UV) stable to survive UV treatment common in 
some sterilisation procedures.  
 
The material selection is done on the following requirements: 
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• Materials must be biocompatible 
• Must possess good machine ability 
• Must be able to autoclave 
• Must be corrosion resistant (if metal is used) 
• Low water absorption and high heat distortion temperature 
• Must be compatible with alcohol, which is used in sterilisation 
 
After consideration, polycarbonate is preferred to other materials due to its better 
machine ability and biocompatibility. The strength is not very critical in this design, 
so polycarbonate is chosen for this design. The structural elements of the device were 
machined from polycarbonate for all parts of the bioreactor as its properties meet the 
design requirements and required dimensions are available in the market. 
Polycarbonate has been widely used for medical devices because of its 
biocompatibility, glass like transparency and low water adsorption. Due to its high 
strength, rigidity and toughness, it can be easily machined, cut and milled to form the 
different intricate parts required for the perfusion chambers. One of the key attributes 
of polycarbonate is that it can undergo steam autoclaving, which is the main method 
of sterilization in this study. For the metal screw needed in the bioreactor, stainless 
steel screw (Stainless steel grade 304L) was used. 
 
3.3 OVERALL BIOREACTOR DESIGN 
After reviewing on the proposed and existing bioreactor designs, the final design was 
decided. The entire bioreactor is 406 mm × 260 mm and its height is 250 mm. Cyclic 
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biaxial strain is applied on tubular scaffolds by rotation of screws and gears, which 
are driven by stepper motors. In this design, four scaffolds can be mechanically 
stimulated at the same time by subjecting to cyclic stretch of controlled duration, 
frequency, and strain magnitude. Figure 3.1 shows the schematic design of one 
reactor vessel of the fabricated bioreactor. All the machine drawings related to the 













 Figure 3.2. Top view of bioreactor operating inside a standard cell culture incubator 
at 37°C and 5% CO2. The bioreactor consists of 4 parallel chambers. The sample can 
be stressed biaxially during incubation. 
 
The system, shown in Figure 3.2, is comprised of the following: (a) the four matrix 
vessels in which the matrix is resident, (b) a 24-channels peristaltic pump to 
recirculate the growth medium, connected to (c) a reservoir filled with cell culture 
medium, (d) a glass bottle on the left of both peristaltic pump and culture medium 
chamber for changing of used medium and (e) a dual channel peristaltic pump used 
for changing of used medium (sitting below the glass bottle). 
 
Most parts of bioreactor were fabricated from polycarbonate block. There are four 
separate horizontal vessels for four scaffolds. The scaffolds are anchored to mini 
shafts in the vessels. The bioreactor (Figure 3.2) fits into a standard incubator used for 
cell culturing. The tissue-engineered conduit is surrounded and continuously perfused 
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by cell culture medium that is recirculating through a closed loop connected to a 
reservoir filled with cell culture medium (total volume, 150 mL). 
 
3.3.1 The Actuating System 
After considering various kinds of actuating system such as linear stepper motor, 
rotary stepper motor and servo motor, the rotary stepper motor was chosen. The 
circular motion of rotary motion can be easily converted to the required linear motion 
by using the spool. The rotary stepper motor gives better torque control than servo 
motor and more accurate movement is achieved compared with linear stepper motor. 
The rotation of the motor is controlled through pulses sent to the motor which moves 
the rotor by a basic step. There are two common types of stepper motors, the 2-phase 
stepper motor and 5 phase stepper motor. The 5 phase stepper motor has an additional 
pair of magnetic poles which give it the ability to run considerably smoother. There is 
less torque ripple and higher running torque. The 5 phase stepper motor (MYCOM, 
PF545BC) was used in this bioreactor. This motor has a very small step angle of 
0.72°, giving a very small rotor inertia to minimise vibrations. 
 
The bioreactor provides independent but concurrent control over translational and 
torsional strains imparted to the growing tissue housed within the reactor vessel. The 
co-axial reactor vessels are designed to provide two degrees of freedom for 
mechanical deformation of the growing tissue constructs. 
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On opposite ends of each scaffold, the  two motors are fixed and controlled by control 
system and set to rotate at 0.1 Hz. In all, there are eight motors for the entire 
bioreactor. Translational deformation is produced via one precision 0.5 cm diameter 
1.00 mm pitch stainless steel lead screws reacting against the anti-backlash nuts 
affixed to the internal wall of the reactor vessel. The lead screws are driven through 
without reduction by a stepper motor. On the other end of the scaffold which 
experiences cyclic tension, figure 3.3 gives a schematic illustration of part of the 
gadgets.  Cyclic tension experienced at one end of scaffold which is attached to the 
gear is brought about by translating rotation of 1 mm pitch stainless steel screw shaft 
on the opposite face of the same gear.  
 
Duracon® gear  
stainless steel mini-screw 
Stainless lead screw  
Figure 3.3. Translation deformation provided by gear and screw whereby both are 
tightened by a mini-screw (as shown by the vertical gadget) 
 
Our mechanical loading conditions and corresponding results were also consistent 
with those in previous studies. In normal physiological activities, ACL fibroblasts are 
constantly under cyclic stretch. Tensile strain and rotational twist during the cyclic 
stretch was quantified to be 1–3% and ~60° respectively [116]. To vary tension at 
each end of each scaffold, the varying tension is controlled by applying either a 1.5% 
or 3% strain, to the original length of each scaffold (4.2 cm, as indicated by the black 
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arrow in Figure 3.4 (not to scale)). The torsional gear train includes two 1.00 cm 
diameter duracon spur gears (30 pitch) in a 1:1 ratio with the stepper motor. Cyclic 
torsion can be stimulated by choosing a 30° or 60° gear rotation to set up different 
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Figure 3.5. Bioreactor with cell-seeded scaffolds under biaxial cyclic mechanical 
stimulation in culture medium. 
 
The inside diameter of the pharmed® tubings is fixed at 2.79 mm while the length of 
the tube is sized to accommodate the length of the matrix or tissue desired. Vessels 
are designed to allow for quick assembly/disassembly and all parts can be sterilised 
with 70% ethanol. Fluidic control at ~1.3 ml/min and pathways for perfusion through 
and/or sheath flow about the scaffolds were chosen to increase possible cell seeding 
methodologies and support tissue growth and differentiation. 
 
3.3.2 The Control System 
The control system consists of a motor controller (MYCOM, SNC 11) and a motor 
nano driver (MYCOM, INS500-020). The motor controller and motor nano driver are 
wired inside the control unit. The nano driver is capable of high resolution (up to 
500000 steps per revolution). The custom-made motion controlled program was 
written in “Hyper-Terminal Software” in Windows  2000. Following which, these 
motion controlled programs can be downloaded to the motor controller via a RS232 
cable. The software provides precise independent control over the torsional and linear 
movements.  
 
The resolution of driver was set to 50000 steps per revolution in this experiment. The 
software allows the user to input linear extension, torsional angle, motor speed and 
timings during both delay and run phases in the various cyclic and non-cyclic modes. 
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There are altogether four control modes. For instance, for the non-cyclic mode, which 
allows user to input values of distance and rotational angle. The tissue constructs 
would be subjected to this set of values for the chosen duration of experimental work. 





Figure 3.6. User interfaces of four cyclic/non-cyclic modes. 
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CHAPTER 4: MATERIALS AND METHODS 
 
4.1 CELL ISOLATION AND CULTURE 
Rabbit BMSCs were used in this research and were isolated according to the 
technique described by Beresford and Owen [100]. After the rabbits were 
anesthetised, bone marrow was aspirated from the iliac crest and collected into 
polypropylene tubes containing 1000 units/ml preservative-free heparin. The bone 
marrow and heparin were well mixed. Nucleated cells were isolated by density 
gradient centrifugation over Ficoll/Paque (Pharmacia). Following this, the nucleated 
cell layers were carefully removed, centrifuged and resuspended in a culture medium 
containing Dulbecco’s Modified Eagles Medium (DMEM) (Gibco) that was 
supplemented with 10% (wt/vol) fetal bovine serum (Gibco), 100 units/ml penicillin, 
and 100 ug/ml streptocycin (Gibco). The nucleated cells were plated at the density of 
five million nucleated cells per 75 cm2 and incubated at 37°C with 5% humidified 
CO2 and 95% air.  
 
BMSCs were selected based on their ability to adhere to the tissue culture plastic; 
non-adherent hematopoietic cells were removed during medium replacement after ~5 
days in culture. After 24 hours, nonadherent cells were discarded and adherent cells 
were cultured. The medium was changed every three days to ensure that the nutrients 
were replenished and by-products removed at regular intervals, during which 
nonadherent cells were removed from the culture flask. When culture dishes became 
nearly confluent after about 5 days, the cells were trypsinised at 0.25% solution of 
 43
trypsin/EDTA (Sigma) and serially subcultured. The isolated BMSCs were then 
cultured and subcultured to get sufficient amount of cells. The second-passage cells 
were seeded in fibrin gel onto knitted freeze-dried silk scaffolds in the seeding 
process before transferring into the bioreactor.  
 
4.2 SCAFFOLD PREPARATION 
The use of biodegradable material as scaffolds is essential in tissue-engineering grafts 
both in vitro and in vivo environments [48]. Because of the limited internal space of 
braided fibre scaffold, new tissue ingrowths among the braided fibres were poor 
[118]. However, knitted scaffold was shown to possess mechanical strength [119].  
 
The fibres used in all trials described in this research were made of silk fibre. The 
scaffolds were knitted with one yarn of silk fibre on a knitting machine (Silver-reed 
SK270, Suzhou, China) using 16 needles to get 42 mm scaffold width. The sizes of 
scaffold were about 42 mm × 50 mm (Figure 4.1) for both static and mechanically 
stimulated groups with the same cell seeding. Virgin silk is processed to extract 
sericin, the potential allergen [120-122]. These scaffolds have a tendency to curl 
inwards into a tubular form. So, they were kept uncurled on custom-made U-shaped 
stainless steel wire frames, fabricated from 1 mm diameter K wires (Global 
Orthopaedics, Hampshire, England) during freeze-drying.  
 
 44
 Figure 4.1. Sketch of scaffold dimensions. 
For resterilisation after handling, the knitted cum freeze-dried silk sponge hybrid 
scaffolds were steam autoclaved at 121°C for 20 min. On autoclaving, the scaffolds 
appeared to have slightly diminished in size. The scaffolds were subsequently 
incubated and prewetted in medium supplemented with 10% FBS for 12 h before cell 
seeding. Upon successful cell seeding, the scaffolds were folded into tubular 
structures. 
 
4.3 BIOREACTOR SETUP 
The whole bioreactor and polycarbonate gadget for control samples were thoroughly 
sterilised prior to commencement of each experiment. All the polycarbonate parts of 
bioreactor, static gadget and scaffolds were steam autoclaved. The rest of the 
bioreactor, e.g. motors, pumps were sterilised by four times of pumping in 70% 
ethanol for a few hours each, followed by four times of rinsing in 1x phosphate buffer 
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saline. All equipment was dried under a laminar flow hood and further sterilised 
under UV light for 20 minutes before exposure to cells and media.  
 
The bioreactor described is placed in a standard humidified incubator at 37°C and 5% 
CO2. Figure 4.2 shows the experimental setup inside the incubator and the data 
acquisition system and control system outside the incubator. Reactor vessel medium 
was changed batchwise (50%/change) twice a week. pH was maintained at 7.4 and 








4.4 CELL SEEDING 
The cells were harvested upon reaching semi-confluent conditions in tissue culture 
flask around seven days after subculturing. To harvest, the cells were washed with 
PBS and dislodged from the tissue flask with 0.25% trypsin (Sigma, Chemical Co.). 
All the cell suspension from tissue flask s was collected in 50 ml centrifuge tube and 
then cells were counted with a Hemacytometer (Improved Neubauer Bright Light 
Counting Chamber, Hausser Scientific) to obtain the cell density. After cell counting, 
cell suspension was aliquoted into 1.5 ml for each scaffold. Cell pellets were obtained 
by centrifuging at a speed of 300 × g for 5 minutes at 4°C. 
 
Fibrin Glue (TisseelTM Co. Hyland Immuno, Baxter) was used as a temporary 
biodegradable adhesive for the cells onto the scaffolds. Fibrin Glue is a two 
components system of separate solutions of tisseel and thrombin/calcium. When the 
two solutions are combined, the resultant mixture mimics the final stages of the 
clotting cascade to form a fibrin clot within a short period of three minutes. 
According to the specification given by Baxter, they did a study that the biomatric 
developed by the glue can maintain for 7 – 10 days and beyond which it will begin to 
restore naturally through the process of hydrolysis. 
 
The cell pellets for each scaffold formed a suspension containing 1.0 × 106 cells by 
mixing with 330 µl of thrombin solution tisseel solution, followed by addition of 330 
µl tisseel solution and leave to clot on scaffold for three minutes and was injected into 
10 spots in scaffolds for homogenous distribution of cells. At this stage all the holes 
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of scaffold were filled with cells coated in fibrin glue. Each cell seeded scaffold was 
rolled up and connected to each end of sleeves in each chamber coupled to the biaxial 
mechanical stimulated and perfusion bioreactor. As control experiments, cells were 
grown under static conditions using the same culture medium and the medium was 
replaced at the same time point as the samples under mechanical stimulation and 
perfusion flow. 
 
4.5 TISSUE CHARACTERISATION 
4.5.1 Cell Viability 
Cell proliferation was assessed by 3-[4,5-dimethylthiazol-2-yl]2,5-diphenyl 
tetrazolium bromide (MTT) assay. In living cells, mitochondrial dehydrogenases 
cleave the MTT tetrazolium ring to form insoluble, intracellular, purple formazan 
crystals [123]. After lysing the cells, these crystals are dissolved and the absorbance 
of the resultant solution is evaluated spectrophotometrically to quantify the number of 
viable cells relative to a control sample [123]. Since this assay relies on the activity of 
the mitochondria in the cells, the results of the assay will vary in different cell types 
whose metabolisms differ [123]. Similarly, if the mitochondrial activity of the chosen 
cell type changes over time, the results of the assay may not directly correlate to cell 
number [123]. These variations in activity contribute to the technical difficulty in 
creation of standard curves; so this assay generally measures viability relative to a 
control (untreated) sample [127]. Alternatively, cellular proliferation can be 
monitored with this method by comparing signals generated at various time points 
[124-126]. 
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4.5.2 Biomechanical Testing 
The different scaffold types were characterised by mechanical properties analysing 
three samples in control group (n = 3) and one sample grown under non-static 
conditions in each experiment from the preliminary studies and four samples in each 
group (n = 4) in the follow-up studies; the properties measured were tensile strength, 
elongation at break, modulus, maximum load, ultimate tensile stress (UTS), 
maximum extension, strain at failure, stiffness and length of toe region. The modulus 
was measured by calculating the slope of the linear region. The UTS for each sample 
was assessed from the stress-strain curves to obtain mean values for the constructs. 
The stiffness of the tissue was measured by defining the Young’s modulus (the slope 
of the curve at the interval of 15–20% strain). The length of the toe region was 
measured manually as a percentage of the gage length. The toe region extended from 
the beginning of the test until the point where the linear region began (noted by the 
presence of a constant slope larger than the initial slope). Sample data were averaged 
to obtain construct values. 
 
Measurements were made manually from Microsoft Excel. All means and standard 
deviations from collected data were calculated using Microsoft Excel. The 
mechanical properties of the scaffolds were examined under tension using a uniaxial 
tensile Instron mechanical testing system (Model 5544, Instron Corp. Canton, MA, 
equipped with a load cell of 1000 N). Scaffolds were placed into phosphate-buffered 
saline (PBS) for 20 min prior to testing in order to hydrate the samples (mimicking 
the in vivo environment).  
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As each silk fibre contains 80 fibroins with each fibroin having diameter of 8 µm, and 
each scaffold was knitted with 38 rows of silk thread on the knitting machine, having 
four knots in each row of knitted scaffold, the total cross-sectional area of each 
scaffold was taken to be 80 × 38 × 4 × π(4 × 10−6)2 = 6.11 × 10−11 m2. 
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CHAPTER 5: RESULTS AND DISCUSSION 
 
A new bioreactor system (Figure 3.2) was designed, constructed and utilised to 
support tissue engineering starting from isolated cells and 3D matrices. The 
bioreactor system had the ability to apply independent multi-dimensional complex 
and well controlled mechanical strains (at <0.1 mm for translational and <0.1° for 
torsional strain) to developing tissue. The system can accommodate up to four 
individual reactor vessels (Figure 3.2) to permit the concurrent study of varied motor 
speeds, translation and torsional strains in order to identify optimal parameters for 
tissue development. Enhanced flexibility has been achieved through the modular 
design allowing concurrent but independent operation of up to four reactor vessels; 
individual reactor vessels can be added, replaced or withdrawn at any time during the 
course of an experiment without disturbing system function. Matrices can be 
anchored into the reactor vessels to support the culture of developing tissue within a 
mechanically dynamic environment. Cell seeding options have been improved 
through enhanced fluidic control (1.3 ml/min) utilising perfusion through the matrix 
(Figure 3.2). 
 
The system functioned by recirculating (via the peristaltic pumps) cell culture 
medium through a closed loop consisting of the reactor vessel, Pharmed® tubings 
from the reactor vessel through the tubing and culture medium chamber and back into 
the reactor vessel. 
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The new reactor system extends the current state-of-the-art by: (a) allowing the 
application of multidimensional strains to the 3D matrices, (b) provides options to 
select perfusion flow for cell seeding and/or tissue culture, (c) offers a modular design 
for easy interchange of individual reactors and medium exchange, (d) provides 
enhanced environmental control for oxygen, pH and temperature, and (e) maintains 
accurate and precise motion control. This combination of features provides options to 
better mimic in vitro the physiological features to be encountered by engineered 
tissues once placed in vivo. The bioreactor system developed in the present study 
supported cell and tissue growth on the silk fibre matrices while providing a 
multitude of mechanical parameters for manipulation. Enhanced mechanical and 
fluidic control systems now exist for accurate and precise control of the environment 
for developing tissue. Optimal mechanical parameters (e.g., linear strain, torsional 
strain, motor speed, medium flow rate) to induce ligament-specific differentiation of 
rBMSCs seeded on silk matrices are currently being identified. Additional 
capabilities, including a force monitoring system is in development. 
 
5.1 RESULTS 
5.1.1 Experimental conditions  
The various cyclic mechanical strains determined by varying the amount of linear 




Table 3: The linear extensions and torsional angles associated with each experiment 






Expt 1 1.2 60
Expt 2 0.6 30
Expt 3 0.6 60
Expt 4 1.2 30
 
5.1.2 Preliminary Studies 
5.1.2.1 Cell Viability 
rBMSCs were stimulated under different mechanical tension and torsion parameters 
in 4 experiments over a period of 7 days each. The level of cell viability was 
determined by MTT reduction assay. 
 
The cell proliferation on the scaffolds after a week of cell growth in static culture and 
the bioreactor and with change of medium was compared in Figure 5.1 below. An 
optical density with a value greater than 0.2000 demonstrates cell viability on the 
scaffolds. Compared to static controls, the rBMSCs showed significantly more cell 
viability. 
 
Static culture, with the medium changed in every 2 days, showed greatest 
proliferation rate represented by an optical density of 0.328 only while all 
experimental conditions grown in bioreactor promoted the level of cell viability. 
Experiment III with tension and torsion controlled at 0.6 mm and 60° respectively 
























 Expt 1 Expt 2 Expt 3 Expt 4 
Blank 0.0059 0.0333 0.0073 0.0016 
Ctrl 0.328 0.2875 0.2311 0.2714 
Bioreactor 0.7180 0.4488 1.3504 0.3036 
% 
increase 118.9024 56.1043 484.3358 11.8644 
 
Figure 5.1. Comparison of bMSCs proliferation on silk scaffolds under different 
growth conditions. 
 
5.1.2.2 Mechanical Stimulation 
In order to avoid mechanical rupture, an ACL replacement must have strength that is 
similar to or exceeds that of the ligament. It must possess a modulus similar to that of 
the ACL. Ligaments display toe regions, and it was of interest to us to study the 
design of tissue engineered constructs exhibiting toe regions of similar length to that 
of native tissue. 
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An example of the data obtained from the mechanical tests can be seen in Figure 5.2. 
The results of the mechanical tests for the preliminary studies may be seen in 
Appendix B. Data from the stress–strain tests were used to calculate the tensile 
strength, elongation at break, modulus, maximum load, UTS, maximum extension, 






















Figure 5.2. Examples 
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indicated in Table 3 exhibited higher mechanical strength than silk scaffolds (ctrl) for 
both tensile strength and elongation at break. This indicates that the conditions used 
for the growth of cell-seeded freeze-dried silk sponge on tubular silk scaffolds under 
appropriate mechanical stimulation reinforced the mechanical strength of tissue 
constructs. In addition, the mechanical conditions used in experiments two, three and 
four showed lower tensile strength than cell-seeded scaffolds under static culture even 
after culturing for seven days. Also, note that the different values of n used for each 
set of experiment indicates the number of specimens used in Table 4. 
 




n = 3 
Expt 1 
n = 1 
Expt 2 
n = 1 
Expt 3 
n = 1 
Expt 4 




34.68 ± 15.69 35.37 26.87 19.52 16.98 
Elongation at 
break (%) 
75.99 ± 7.93 92.02 94.25 89.03 80.64 
aThe mechanical properties of the tubular porous scaffolds were measured by a universal testing 
machine (UTM, INSTRON No. 4465). Three specimens were tested for the static (ctrl) group. 
 
As shown in Figure 5.3, all scaffolds grown under non-static environment had lower 
moduli than statically cultured scaffolds (561.37 ± 267.76 MPa). The maximum load 
decreases from 52 N to 28 N after each mechanically stimulated experiments one to 
four. Likewise, UTS of non-static cultured scaffolds (118.66 ± 40.22 MPa) showed 
similar trend as maximum load. The stiffness of all mechanically stimulated samples 
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at 7 days was lower than that of static sample (ctrl: 8.08 ± 3.80 N/mm). However, 
static culture produced tissue constructs with significantly lower extension at break 
and shorter toe region. Similarly, the non-static samples, having higher maximum 
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Figure 5.3. Mechanical parameters of cell-seeded scaffolds measured using Instron 
for static and non-static cultures. 
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 Having considered both cell viability and biomechanical tests, the two best 
experiments, experiments one and two, were chosen for repetition in the follow-up 
studies. 
  
5.1.3 Follow-up Studies 
5.1.3.1 Cell Viabililty 
rBMSCs were stimulated under different mechanical tension and torsion parameters 
in 2 experiments (Expt 1a and Expt 2a) using conditions for experiments one and two 
in Table 3 over a period of 7 days each. The level of cell viability was determined by 
MTT reduction assay. 
 
The cell proliferation on the scaffolds after a week of cell growth in static culture and 
the bioreactor and with change of medium was compared in Figure 5.4 below. An 
optical density with a value greater than 0.2000 demonstrates cell viability on the 



































Figure 5.4. Comparison of bMSCs proliferation on silk scaffolds under different 
growth conditions. 
 
5.1.3.2 Mechanical Stimulation 
An example of the data obtained from the mechanical tests can be seen in Figure 5.5. 
The results of the mechanical tests for the follow-up studies may be seen in Appendix 
C. Data from the stress–strain tests were used to calculate the tensile strength, 
elongation at break, modulus, maximum load, UTS, maximum extension, ultimate 






















Figure 5.5. Examples of 
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n = 4 
Expt 1a 
n = 4 
Expt 2a 




26.97 ± 13.74 23.01 ± 7.68 37.56 ± 8.18  
Elongation at 
break (%) 
75.99 ± 21.16 92.02 ± 21.16 92.75 ± 9.60 
aThe mechanical properties of the tubular porous scaffolds were measured by a universal testing 
machine (UTM, INSTRON No. 4465). Four specimens were tested for each sample. 
 
As shown in Figure 5.6, scaffolds in Expt 2a had higher moduli (405.37 ± 108.13 
MPa) than scaffolds cultured under static condition (320.46 ± 148.21 MPa) and under 
experiment one’s conditions (284.51 ± 134.59 MPa). Maximum load and UTS 
demonstrated similar trend with moduli. The stiffness of Expt 2a at seven days (4.96 
± 2.60 N/mm) was higher than that of control group (4.54 ± 2.15 N/mm) and 
experiment one (4.02 ± 1.94 N/mm). These results suggest that a construct composed 
of silk scaffold freeze-dried with silk sponge and coated with fibrin gel with cyclic 
stimulation at 1.5% linear strain and 30° torsional strain is promising for ACL 
reconstruction. However, static culture produced tissue constructs with significantly 
lower extension at break and shorter toe region. Similarly, the non-static samples, 

























































































































































































































Figure 5.6. Mechanical parameters of cell-seeded scaffolds measured using Instron 
for static and non-static cultures. 
 
This finding is significant because it demonstrates the importance of choosing 
suitable values of translational and torsional strains. Inappropriate combinations of 
mechanical stimulation parameters can cause premature failure of the scaffold as 
apparent in the lower tensile strength, moduli, maximum load and UTS as compared 
with cell-seeded scaffolds grown under static culture. 
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 Changes in mechanical behaviour are important for scaffold viability. In the 
mechanically stimulated scaffolds, the increased length of the toe region allows the 
scaffold to be strained a greater amount without directly stretching the individual 
polymer fibres. This increase in length is due to the stretching out of the knitted silk 
fibres, similar to the stretching of the crimp pattern in native ligaments. 
 
It is possible that the cells actually experienced less or more strain than mentioned 
over the culturing periods. Furthermore, straining might accelerate the degradation 
process of the scaffold as more scaffold surface is exposed to the culture medium 
when strained, although this was qualitatively not observed.  
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CHAPTER 6: CONCLUSIONS & RECOMMENDATIONS 
 
Exposure of engineered ACL to cyclic translational and torsional strains for 
prolonged periods of time has already shown its benefits compared to statically 
culturing. In this study, engineered ACL tissues cultured under translational strain of 
either 1.5% or 3.0% linear strain and torsional strain determined by rotational angle 
of either 30° or 60° were superior over using statically cultured tissues regarding the 
amount of newly developed tissue and mechanical properties. The effect was more 
pronounced and statistically significant when using smaller translational strain (1.5%) 
and smaller rotational strain (30°). Thus, we conclude that small strains may play an 
essential role in early tissue development -  in addition to what has been hypothesised 
so far and to what is currently done by applying low perfusion flow rate that results in 
minimal strains. 
 
Cell-seeded fibrin gel coated tubular and knitted silk scaffolds with good mechanical 
properties in experiment two were prepared by freeze-drying with silk sponge. The 
growth conditions using biaxial cyclic mechanical stimulation by applying 0.6 mm 
linear strain and 30° torsional strain improved the mechanical strength (tensile 
strength, elongation at break and stiffness) of silk tissue constructs. In addition, 
experiment one data showed worse mechanical properties to those grown in static 
culture even after culturing for seven days. In this study, we hypothesised that 
providing both linear and torsional strains in vitro would accelerate tissue formation 
and yield more mature, implantable ACL grafts. To test the hypothesis, rBMSCs were 
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seeded onto the porous fibrin gel coated silk sponge hybrid silk scaffolds and 
subjected to different controlled mechanical stimulation system. According to this 
study, it was shown that the experiment two’s conditions (0.6 mm, 30°) produced 
cell-seeded scaffolds with good mechanical properties, and were durable under the 
mechanical stimulation system. It has a comparable modulus (343.78 ± 108.13 MPa) 
and higher UTS (95.76 ± 12.25 MPa) than the same properties of the human ACL – 
65–541 MPa and 13–46 MPa respectively [127]   (necessary to prevent failure during 
degradation) and has a significantly higher toe region of similar length to natural 
ligament. For a complete characterisation of the effects of cyclic biaxial mechanical 
stimulation, further investigations will explore whether this scaffold is appropriate for 
ACL replacement and regeneration using cyclic loading and stress relaxation tests. 
Studies can be done to improve the used scaffold for more elastic properties 
comparable to the native ACL and thereby preventing large permanent deformations. 
 
This new scaffold has shown the potential to mimic the biomechanical behaviour of 
the ACL. After further refinement, it is believed that this type of scaffold could be 
used to produce tissue-engineered scaffolds for successful ACL regeneration. By 
improving the mechanically stimulated cell-seeded scaffold we hope that it can also 
be proven to support tissue regeneration. 
 
The fabricated novel bioreactor that allows mechanical stimulation as well as 
perfusion flow had proven that it could provide a viable growth environment for 
rBMSCs. In addition to dual controls, more than one and up to four tissue constructs 
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could be cultured at the same time. On the other hand, the entire bioreactor is rather 
bulky for cleaning and requires many sterilisation steps for thorough de-
contamination before each experiment. In addition, the perfusion flow rate has to be 
kept constant for all four chambers instead of having individual and isolated culture 
medium flow. However, the latest technology for perfusion pump still does not permit 
independent control, hence the limitation for this research. 
 
Although there are four control modes (non-cyclic, cyclic, or cyclic with time delays 
after half-cycle or each cycle), it does not offer one the flexibility of choosing 
different working conditions for different chambers. Also, given the limited time span 
of research, the other 3 modes (non-cyclic, cyclic with time delays after either a half-
cycle or full cycle) were not tested at all. Hence, additional research results could be 
obtained to study the effect of non-cyclic and additional time delays on the biaxial 
mechanical stimulation in cell culturing. 
 
For future work in terms of bioreactor design, one can improve the ease of each 
chamber detachment for easier sterilisation instead of involving the entire bioreactor 
at the moment due to its heavy weight. In addition, one can include independent 
choice of mechanical parameters for different tissue constructs grown at the same 
time. 
 
Secondly, in terms of experimental parameters, one could increase the sample size for 
research to more than four samples used previously. Inevitably, more time would be 
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required. More varied values of frequency, timing, linear and torsional strains could 
be chosen to further optimise the effect of mechanical stimulation. In addition, one 
could study the effect of growth factors (GF) such as epidermal GF, fibroblast GF, 
growth and differentiation GF, insulin-like GF, platelet-derived GF, transforming GF, 
and ascorbate-2-phosphate on cellular characterisation using the current or better 
bioreactor conditions. 
 
Having the optimised combinators or mechanical parameters such as linear and 
torsional strains and growth factors, one could contemplate next to go into in-vivo 
study of mechanically stimulated ligament or tendon in animal studies such as rabbits 
or pigs.  
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